Introduction {#s1}
============

Spontaneous use of the more-affected upper extremity post-stroke is often lower than would be expected from impairment levels ([@B1], [@B2]), with low use associated with a reduced quality of life ([@B3]). Besides the common therapy goal of improving motor performance of the more-affected arm/hand, an additional approach would be to influence the decision-making system ([@B4]), with the aim to improve use of the more-affected arm/hand.

The three instruments commonly used for measuring spontaneous arm/hand use in the natural environment are the Motor Activity Log \[MAL; ([@B5])\], the Actual Amount of Use Test \[AAUT; ([@B6])\], and accelerometers ([@B7], [@B8]). These instruments are not ideal, however: the MAL relies on self-reported ratings from memory; the AAUT cannot be administered repeatedly once participants recognize that they are being tested, thereby revealing its covert nature; and accelerometers only provide overall activity, and thus not a direct measure of functional arm use.

We previously developed a simple and objective assessment tool, the Bilateral Arm Reaching Test (BART) to address these limitations ([@B1]). With BART, arm use is measured in a *spontaneous choice block*, in which participants are instructed to choose either the more-affected or the less-affected arm to reach displayed targets on a table. Although arm use as assessed with BART showed good test-retest reliability, it was only moderately correlated with the AAUT ([@B1]). In seeking to improve BART, we sought a better way to capture real-world spontaneous arm use. We turned to previous research in decision-making ([@B9]--[@B11]). Contemporary decision models posit that choices between potentially rewarding actions are driven by a combination of a goal-oriented system and a habitual system. The goal-directed system is called "model-based" because individuals learn through experience, and then mentally simulate, models of the decision environment to prospectively evaluate the outcomes of possible actions. In contrast, the habitual system is "model-free," because choice is performed via direct comparison of expected rewards for each potential action ([@B12]). Mental simulations in the goal-directed system is a time-consuming process. As a result, performing choices under time-pressure enhances expression of the time-insensitive habitual system ([@B13]). For this reason, we modified BART by adding a short time-constraint condition to the experimental paradigm.

The aim of this study was to accurately quantify arm/hand use post-stroke with the time-based BART system. We hypothesized that a reduction of available decision time would reduce affected arm use. In addition, we reasoned that affected arm use in the time-constrained condition would more strongly correlate with arm use as assessed by the covert AAUT than arm use without time constraint.

Materials and methods {#s2}
=====================

Participants
------------

Twenty-two right-handed stroke participants with chronic stroke and mild to moderate upper extremity impairments were recruited as part of a sub-cohort of the DOSE phase 1 randomized controlled trial (NCT 01749358). Here, we only included baseline BART data, that is, data obtained before the DOSE intervention. Inclusion criteria were: (1) ischemic or intraparenchymal hemorrhagic stroke without intraventricular extension with confirmatory neuroimaging more than 180 days (6 months) after onset; (2) Age ≥21 and no upper limit; (3) impaired arm/hand motor function indicated by the Fugl-Meyer motor and coordination score no less than 19 out of 66 on the total motor score ([@B14]); (4) no arm/hand neglect as determined by Albert Test; (5) Mini-Mental State Examination (MMSE) score \>24/30; and (6) no previous or current musculoskeletal injury or conditions that limited arm/hand use. We excluded participants if they were left-handed or could not reach the farthest straight-ahead target in the BART display (30 cm away from the home position; see below). The study was approved by the Human Research and Review Committee of the University of Southern California and each participant signed an informed consent.

Experimental setup and task
---------------------------

The time-based BART system consists of a computer, an over-head projector illuminating virtual targets on a table surface, two magnetic sensors placed on the index finger of each hand, and a seat belt to prevent compensational trunk movements during reaching (Figure [1A](#F1){ref-type="fig"}). The detailed physical set up is described in our previous study ([@B1]). At each trial, a virtual target (white disk, 2 cm in diameter) appeared at one of 35 possible target locations (Figure [1B](#F1){ref-type="fig"}). There were three movement duration conditions with three levels of time constraint: a no-time constraint, a medium time constraint, and a fast time constraint condition (Figure [1C](#F1){ref-type="fig"}). Whereas in the no time constraint condition, targets did not disappear until they were captured, in the fast and medium conditions, targets disappeared after movement onset following condition-dependent and target-dependent time constraints: 350--580 ms in the fast condition and 500 ms longer for all targets (i.e., 850--1,080 ms) in the medium condition. The target-dependent time constraints, which were estimated using previous reaching data from non-disabled participants, account for longer movement times for far away targets and for targets that require coordinated elbow and shoulder movements \[see Figure [1B](#F1){ref-type="fig"} and ([@B15])\].

![The time-based Bilateral Arm Reaching Test (BART), target location, and experimental protocol. **(A)** Participants sat in a chair with a trunk-restraining belt. A magnetic sensor attached to the tips of each index finger. Home position and target are shown in green and white colors, respectively. **(B)** BART workspace with 35 targets (the home position is enclosed by a square). Movement duration constraints for each target varied as a function of target distance and angle. Shading shows the time constraints for each target in the medium and the fast conditions. **(C)** The experimental protocol. Each condition was presented in a spontaneous choice (participant chooses the arm/hand for the reach) and forced choice (investigator determines the arm/hand for the reach) block. A reminder block was given before the spontaneous choice block for both medium and fast conditions. Arm use/choice in the three spontaneous choice blocks was used for data analysis.](fneur-09-00883-g0001){#F1}

Each time-constraint condition consisted of a spontaneous choice block to measure spontaneous arm use and a forced choice block to measure performance of the investigator-specified limb (Figure [1C](#F1){ref-type="fig"}). Here, we only report results from the spontaneous choice blocks, which was always given before the forced choice blocks to prevent bias in hand use. In the spontaneous choice block, participants were free to choose either the more-affected or the less-affected arm to reach each target, with two trials per target (i.e., 70 trials per block). In each spontaneous choice block condition, we measured use in by counting the number of targets successfully captured using the more-affected arm, within the time constraint.

For the medium and fast speed conditions, a reminder block (similar to the spontaneous choice block, 35 trials per block) was provided before the spontaneous choice block (Figure [1C](#F1){ref-type="fig"}). Participants were asked to reach the targets as rapidly and accurately as possible throughout all conditions and blocks. Participants performed three BART sessions, with a 2-week interval between sessions.

Clinical assessments
--------------------

We used the Actual Amount of Use Test (AAUT), specifically, the AAUT quality of movement scale (QOM) to assess spontaneous use of the arm/hand ([@B6], [@B16]). From a videotaped record acquired without the participants\' awareness (i.e., covert administration), the trained and standardized evaluator scored the participants\' spontaneous arm use behavior during 14 upper-extremity daily tasks, such as opening a file folder, and writing on and folding up a piece of paper. The QOM score for each item was averaged over the 14 tasks ([@B6]).

Statistical analysis
--------------------

The effect of the time constraint on arm use was analyzed using mixed effect models with condition (no time-, medium-, and fast-constraint) as fixed factors and participants as a random factor. *Post-hoc* analyses were performed using Tukey\'s test, which corrects for multiple comparisons. External validity for the no time, medium, and fast conditions, for the third test session was tested using correlations with the AAUT QOM. Test-retest reliability for the time-based BART was assessed using intraclass correlation coefficients (ICCs) for the three test sessions (test 1, 2, and 3). Significance threshold was set at *P* = 0.05, and statistics were run using customized code in R and MATLAB. All results are reported as average ± SEs.

Results {#s3}
=======

Demographic information and stroke-specific characteristics are provided in Supplementary Table [1](#SM1){ref-type="supplementary-material"}. Figure [2A](#F2){ref-type="fig"} shows the number of times the more-affected arm was successfully used across the three conditions. More-affected arm use decreased in the fast- (18.9 ± 2.9) compared to the medium- (27.5 ± 1.9) and compared to the no time constraint-condition (30.7 ± 1.8; *P* \< 0.0001 between the fast- and no time constraint-condition, *P* = 0.0006 between the fast- and medium-condition).

![BART assessment of use as a function time constraint condition **(A)**, external validity of the fast condition **(B)**, and test-retest reliability of the fast condition **(C)**. **(A)** Use of the more-affected arm in the fast condition is lower than use in the no time constraint and the medium condition (*P* \< 0.001). Each line represents a participant post-stroke tested in the three conditions and each dot represents the number of targets that each subject successfully reached using the more-affected arm. **(B)** Arm use scores the fast condition and from the AAUT QOM show excellent correlation (*r* = 0.829, *P* \< 0.001). **(C)** The fast condition shows excellent test-retest reliability (ICC = 0.960, *P* \< 0.0001).](fneur-09-00883-g0002){#F2}

Arm use computed in the fast condition was strongly correlated with AAUT QOM use score (*r* = 0.829, *P* \< 0.001, Pearson correlation; Figure [2B](#F2){ref-type="fig"}). In contrast, arm use in the medium condition showed a moderately strong correlation with AAUT QOM (*r* = 0.538, *P* = 0.009, Spearman correlation), and arm use in the no-time constraint condition showed no significant correlation (*r* = 0.363, *P* = 0.096, Spearman correlation).

The fast condition showed excellent test-retest reliability (ICC = 0.960, *P* \< 0.0001; Figure [2C](#F2){ref-type="fig"}). In contrast, the medium- and no time constraint conditions showed lower reliability (ICC for the medium condition: 0.815, *P* \< 0.0001 and no time constraint condition: 0.691, *P* \< 0.0001).

Discussion {#s4}
==========

Our primary aim was to objectively quantify use of the more-affected arm during targeted reaching movements using a novel, theoretically-motivated, temporally-constrained version of BART in individuals post-stroke. Our results demonstrate that individuals in the chronic stage post-stroke with mild to moderate hemiparesis decrease their use of the more-affected arm in the fast condition, compared to the other two, less time constrained (no-time- and medium time constraint), conditions. In addition, and in support of our hypothesis, we found a strong and significant correlation between arm use measured in the fast time-constrained condition and arm use assessed with an often-used clinical tool, the AAUT QOM. Thus, the time-based BART appears to reflect an accurate assessment of real-world arm use. Compared to the original BART, this time-based BART may represent a more ecologically valid measure of arm choice/use, because it nudges the participant into decision-making under time pressure; a situation previously shown to enhance the expression of the habitual choice system ([@B13]).

Arm choice is a flexible and dynamic process that depends on the task environment. Previous research with non-disabled participants shows that arm choice is modulated by the task demands. For instances, (i) introduction of an abrupt force on one hand quickly reduces the choice of that hand for action ([@B17]), (ii) a reduction in target size leads to a reduced choice of the non-dominant hand ([@B18]), and (iii) a decreased success rate for one hand yields reduced choice of that hand ([@B19]). Additionally, individuals who are recovering from a stroke use their more-affected arm less as tasks became more challenging ([@B20]). In the time-based BART, the time constraint puts pressure on movement time as well as decision time. It is known that faster reaching is more challenging than reaching at preferred speed ([@B21]). Our results therefore indicate that, under time constraint, individuals with stroke decrease use of their more affected arm to maximize success with the task.

Thus, the time-based BART appears to be a viable alternative to the AAUT, because it captures use of the arm/hand objectively and repeatedly in chronic stroke survivors with mild to moderate arm/hand motor impairment. In addition, BART is easy to administer and requires minimal training.

However, additional testing is needed before the time-based BART can be used to replace the AAUT in the general stroke population for three reasons. First, we included a relatively small number of individuals chronically post-stroke, specifically, those with mild to moderate motor impairments. Second, because of the difficulty in recruiting pre-stroke left-hand dominant participants, we only included right-hand dominant individuals. Finally, because the no time constraint condition was presented first, participants may have accumulated fatigue by the time they experienced the fast condition ([@B22]). Thus, we cannot rule out the possibility that fatigue may have influenced use/choice of the more-affected arm in the fast condition. Nevertheless, we chose to start with the no time constraint condition in order to prevent "zero-use" of the more-affected arm in the fast condition, something we observed in our pilot studies, for some participants, regardless of capability to reach targets successfully.

Finally, given that the time-based BART assesses aiming movement, whereas the AAUT assesses both arm and hand movements that involve grasp manipulation or stabilization, and bi-manual tasks, one may question the validity findings. We offer four possible explanations: (i) the fast condition in the time-based BART provides an accurate expression of the habitual system for arm choice, in large part due to the time pressure which prevents full engagement of the goal-oriented system, (ii) the AAUT, by its covert nature, captures habitual and spontaneous use of the more-affected arm, (iii) both the BART and AAUT evaluate the speed and accuracy of the more-affected arm, (iv) the habitual system for arm choice is not well tuned to the specific task requirements. In contrast, the goal-oriented choice system would be, via simulation of the motor system, well-tuned to specific motor actions. Further work is needed to formally test these possibilities.
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